High-transition-temperature superconductivity arises in copper oxides when holes or electrons are doped into the CuO 2 planes of their insulating parent compounds. Whereas hole doping quickly induces metallic behaviour and superconductivity in many cuprates, electron doping alone is insufficient in materials such as R 2 CuO 4 (R is Nd, Pr, La, Ce and so on), where it is necessary to anneal an asgrown sample in a low-oxygen environment to remove a tiny amount of oxygen in order to induce superconductivity. Here we show that the microscopic process of oxygen reduction repairs Cu deficiencies in the as-grown materials and creates oxygen vacancies in the stoichiometric CuO 2 planes, effectively reducing disorder and providing itinerant carriers for superconductivity. The resolution of this long-standing materials issue suggests that the fundamental mechanism for superconductivity is the same for electron-and hole-doped copper oxides.
High-transition-temperature superconductivity arises in copper oxides when holes or electrons are doped into the CuO 2 planes of their insulating parent compounds. Whereas hole doping quickly induces metallic behaviour and superconductivity in many cuprates, electron doping alone is insufficient in materials such as R 2 CuO 4 (R is Nd, Pr, La, Ce and so on), where it is necessary to anneal an asgrown sample in a low-oxygen environment to remove a tiny amount of oxygen in order to induce superconductivity. Here we show that the microscopic process of oxygen reduction repairs Cu deficiencies in the as-grown materials and creates oxygen vacancies in the stoichiometric CuO 2 planes, effectively reducing disorder and providing itinerant carriers for superconductivity. The resolution of this long-standing materials issue suggests that the fundamental mechanism for superconductivity is the same for electron-and hole-doped copper oxides.
The parent compounds of the high-transition-temperature (high-T c ) copper-oxide superconductors are antiferromagnetic (AF) Mott insulators composed of two-dimensional CuO 2 planes separated by charge reservoir layers [1] [2] [3] . When holes are doped into these planes, the static long-range AF order is quickly destroyed and the lamellar copper-oxide materials become metallic and superconducting over a wide hole-doping range. In the case of electron-doped materials such as the T -structured R 2 CuO 4 (R is Nd, Pr, La, Ce and so on), electron doping alone is insufficient, and annealing the as-grown sample in a low-oxygen environment to remove a tiny amount of oxygen is necessary to induce superconductivity 2, 3 . Previous work [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] suggests that oxygen reduction may influence mobile carrier concentrations 7 , decrease disorder/impurity scattering 8, 10, 11, 23 or suppress the long-range AF order 16, 17, 22 . However, the microscopic process of oxygen reduction and its effect on the large electron-hole phase-diagram asymmetry and the mechanism of superconductivity 2, 3 are still unknown. Here we use X-ray and neutron-scattering data, combined with chemical and thermogravimetric analysis measurements, in the electrondoped Pr 0.88 LaCe 0.12 CuO 4 to show that the microscopic process of oxygen reduction is to repair Cu deficiencies in the as-grown materials 12, 13 and to create oxygen vacancies in the stoichiometric CuO 2 (refs 16,17,22) , effectively repairing disorder in the CuO 2 planes and providing itinerant carriers for superconductivity.
The role of the reduction process in the superconductivity of electron-doped high-T c copper oxides has been a longstanding unsolved problem. For the hole-doped cuprates, low doping levels (for example 5%) entirely suppress AF order and superconductivity appears over a wide range of hole concentrations (from 6 to 30%). In the case of T -structured electron-doped superconductors, doping alone by substituting the trivalent ions R 3+ in R 2 CuO 4 with tetravalent Ce 4+ is insufficient to induce superconductivity, and the as-grown materials such as Nd 2−x Ce x CuO 4±δ (NCCO), Pr 2−x Ce x CuO 4±δ (PCCO) and Pr 0.88 LaCe 0.12 CuO 4 (PLCCO) are semiconducting with static long-range AF order [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In these materials, superconductivity (maximum T c ∼ 25 K) is achieved only when the samples within a relatively narrow dopant range (0.1 ≤ x ≤ 0.18) are annealed in a reducing atmosphere . The reduction process suppresses the AF order most severely at higher Ce-doping levels above x ≥ 0. 1 (ref. 14) . This so-called 'materials issue' in T -structured electron-doped superconductors raises the question of whether Figure 1 Crystal structures, magnetic susceptibilities and TGA measurements. a, Typical T structure (I4/mmm ) of PLCCO consisting of CuO 2 sheets separated by thin sheets of rare-earth oxide (Pr,La,Ce)O. b, T structure of as-grown PLCCO with random Cu vacancies in the CuO 2 planes. c, A modified T structure in which Cu atoms have been removed from one layer, leaving behind a thin slab of the anion-deficient fluorite impurity phase: R 2 O 3 = (Pr,La,Ce) 2 O 3 . d, The vacancy-ordered C-type sesquioxide structure of the R 2 O 3 impurity phase (space group Ia3 ). e, Magnetic susceptibilities of the r-SC single-crystal and ceramic powder samples as a function of temperature. f, Oxygen losses during the reduction process measured with a TGA. The mass change between 500
• C and room temperature is mainly due to the intrinsic properties of the TGA instrument in vacuum.
the fundamental mechanism for superconductivity is the same for electron-and hole-doped superconductors. For example, whereas the symmetry of the superconducting order parameter in hole-doped superconductors is generally believed to be d wave 24 , there has been no consensus on the nature of the superconducting order parameter in electron-doped materials 25 . A resolution of the 'materials issue' surrounding the annealing process should allow us to focus on the intrinsic similarities and differences between the electron-and hole-doped superconductors. Originally, Tokura et al. 2, 3 suggested that an as-grown sample had stoichiometric oxygen. The reduction process removes oxygen in the CuO 2 plane (making oxygen content less than 4), and therefore introduces mobile electrons into the system 2 . This microscopic oxygen-reduction mechanism was proposed on the basis of resistivity values from undoped Nd 2 CuO 4 samples, which were found to decrease dramatically on quenching from 1,150
• C to room temperature. Although experiments using a thermogravimetric analyser (TGA) confirm that the reduction process removes some of the oxygen [4] [5] [6] , this simple model is inconsistent with observations that as-grown samples have excess oxygen per Cu atom [7] [8] [9] and that superconductivity is not achieved at any Ce (that is, electron) doping levels without subsequent oxygen reduction.
Using neutron diffraction, resistivity and Hall-effect measurements, Greene and co-workers argue that the annealing process increases the number of mobile charge carriers 7 or decreases impurity scattering by removing apical oxygens (proposed oxygen just above and below the Cu atoms of the CuO 2 planes), which should be absent from the ideal T structure of electron-doped materials 8, 10, 11, 23 . In this latter model, the presence of a small amount of randomly doped apical oxygen in the as-grown materials induces localization of doped electrons and thus prohibits superconductivity. The role of the oxygen-reduction process would then be to remove the excess apical oxygen and increase the mobility of doped electrons to allow metallic behaviour and superconductivity 8, 10, 11, 23 . Although the reduction process is widely believed to involve removal of the apical oxygen, such a notion has recently been challenged by Raman, infrared-transmission and ultrasound studies of electron-doped materials 16, 17, 22 . Instead of removing apical oxygen, these experiments on NCCO and PCCO suggest that the reduction process removes the oxygen in the CuO 2 plane (O(1), see Fig. 1a ) at high Ce doping (x ≥ 0.1) and the apical oxygen at low Ce doping 16, 17 . In such a circumstance, the in-plane oxygen defect created by the reduction would be responsible for superconductivity by destroying the longrange antiferromagnetism and increasing the mobility of charge carriers 16, 17, 22 . Because the antiferromagnetism is much less affected at low Ce doping levels 14 , superconductivity is not achieved for x < 0.1 even though the samples are reduced.
Although these current microscopic scenarios seem plausible, they all miss a key ingredient of the problem; that is, none of these models can explain why the appearance of superconductivity after oxygen reduction is also intimately related to the creation of an epitaxially grown impurity phase of cubic R 2 O 3 (refs 15, 18-21) . Experimentally, it was found that about 1-2% of the impurity phase, absent from the as-grown materials, appears with superconducting phase after the oxygen-reduction process [18] [19] [20] [21] . Although not explicitly demonstrated, the R 2 O 3 impurity phase may disappear again when annealed samples are oxygenated to eliminate superconductivity 15, 21 . Therefore, superconductivity in electron-doped materials might be intimately related to the appearance of the impurity phase.
Here we used systematic X-ray-and neutron-diffraction measurements, combined with chemical and TGA measurements in single crystals and powders of PLCCO, to elucidate the microscopic origin of the annealing process. Because of Cu evaporation during the high-temperature synthesis process, a small amount of Cu deficiency (∼1%) was found in the stoichiometrically prepared as-grown NCCO 12, 13 . According to Kang et al. 20 , as-grown samples of PLCCO may also be Cu deficient. To test this possibility, single crystals of PLCCO (space group I4/mmm, a = 3.98Å, c = 12.3Å) were grown using the travelling-solvent floating-zone technique. These included four samples prepared from the same as-grown batch: asgrown non-superconducting (ag-NSC), reduced superconducting (r-SC), oxygenated non-superconducting (o-NSC) and re-reduced superconducting (r2-SC) crystals.
As shown in previous work [18] [19] [20] [21] , annealing necessary to produce superconductivity also induces epitaxial intergrowths of the cubic R 2 O 3 impurity phase. The R 2 O 3 has a cubic structure with space group Ia3 and lattice parameter a c = 2 √ 2a ∼ c/1.1, where the 'c' subscript indicates 'cubic' . The Miller indices of the T and impurity phases are related as
Because the lattice parameter of R 2 O 3 matches the in-plane lattice parameter of the T phase but is ∼10% less than the c-axis lattice parameter of the T phase, Bragg reflections from the impurity phase should occur at commensurate positions in the (H , K) reciprocal space plane but at L = 1. Figure 3 X-ray powder-diffraction patterns from crushed single-crystal and ceramic powder samples. The SC samples reveal the (2,2,2) c Bragg reflection of the R 2 O 3 impurity phase at 2θ = 8.7
• . The inset illustrates the T crystal structure and atom labels used in Rietveld refinements.
factors of the impurity phase become non-zero at (1/2, 0) and (1/4, 1/4) type positions [18] [19] [20] [21] . Figure 2 summarizes X-ray diffraction mesh scans of the (H , K) reciprocal space plane of PLCCO at L = 1.1 taken from the ag-NSC, r-SC and r2-SC single-crystal samples. The data from the ag-NSC (Fig. 2a) reveal fundamental Bragg peaks in the T phase associated with thermal diffuse scattering. In the SC sample (Fig. 2b) , a new set of peaks develops at (1/2, 0)-and (1/4, 1/4)-type positions, confirming the presence of the impurity phase.
To test the reversibility of the impurity phase, we carried out Xray powder-diffraction measurements on portions of the ag-NSC, r-SC and o-NSC single-crystal samples of PLCCO that were crushed into fine powders. In addition, r-SC and o-NSC ceramic samples of PLCCO were prepared and analysed for comparison with the crushed single-crystal samples. Figure 3 shows a portion of the X-ray powder patterns from each of these samples. The two SC samples clearly reveal the (2,2,2) c reflection of the R 2 O 3 impurity phase at 2θ = 8.7
• . This peak is conspicuously absent from the three NSC samples. Furthermore, the impurity phase appears again in the re-reduced r2-SC single crystal (Fig. 2c) . These results conclusively show that the impurity phase grows epitaxially parallel to the a-b plane of the T cuprate structure, and it is reversibly created on oxygen reduction to the SC state and destroyed on oxidation to the NSC state. Thus, the oxygen-reduction process is completely reversible and intimately related to the appearance of the impurity phase and superconductivity in PLCCO.
To understand this phenomenon, consider an annealing process that causes a slightly Cu-deficient T material to phase separate into a Cu-perfect T majority phase and a Cu-free minority phase. As shown in Fig. 1a-d , removing the Cu atoms from a single CuO 2 plane results in a locally primitive pseudo-cubic oxygen sublattice with 50% of the cubic interstices filled by rare-earth atoms. When viewed from the [1,1,0] direction, this structure cannot be distinguished from that of fluorite, though the rareearth sublattice is not yet face centred. The creation of one oxygen vacancy for each Cu atom removed, followed by a vacancy-assisted one-interstice displacement of the nearby rare-earth atoms on one side of the affected sheet, then produces the familiar face-centred rare-earth sublattice of fluorite-a 25% anion-deficient fluorite in fact. This 25% anion vacancy concentration marks the extreme limit of stability for the fluorite structure and is only known to occur in the vacancy-ordered structure type commonly referred to as the 'C-type sesquioxide' or the 'bixbyite' structure. If we assume that ag-NSC samples are composed of R 2 Cu 1−f O 4−α , where f and α are Cu and oxygen deficiencies respectively, the annealing process can be written as
, where β is the oxygen deficiency level in the superconducting part of R 2 CuO 4 .
The appeal of such a structural reorganization lies in the fact that the observed R 2 O 3 impurity phase has precisely the C-type sesquioxide structure. The Cu atoms removed from the affected sheet, rather than irreversibly leaving the sample, are free to fill vacancies in other layers, thus 'repairing' most of the Cu vacancies in the majority T phase. Moreover, just as oxygen removal seems to drive the phase separation, subsequent high-temperature oxidation is assumed to drive a redistribution of Cu vacancies throughout the sample and the concomitant elimination of the epitaxial sheets of R 2 O 3 . Such an annealing process is entirely reversible, and benefits from the fact that the T structure is stable against Cu deficiencies owing to the three-dimensionally interconnected rareearth-oxygen network 5 that includes rather than being interrupted by CuO 2 planes.
To establish any Cu deficiencies in the samples, we carried out inductively coupled plasma (ICP) atomic-emission spectroscopy analysis on ag-NSC, an r-SC and o-NSC PLCCO crystals. Similar measurements were also carried out on ceramic PLCCO samples. The ICP results are summarized in Table 1 and indicate that all samples have a small Cu deficiency. It is worth noting here that the ICP analyses provide no information on oxygen content, and that they average over the T cuprate and Cu-free impurity components of the mixed-phase SC samples. They should, therefore, be taken as a qualitative rather than a quantitative indicator of Cu deficiency. Table 2 Nominal PLCCO compositions and phase fractions from X-ray powder diffraction. The 1.6% volume fraction of the impurity phase in the SC samples is much more sensitive to X-rays than neutrons because of rare-earth atoms' relatively high X-ray scattering amplitude. This value is comparable to the difference in Cu deficiency levels between the NSC and SC samples.
Samples
Nominal composition from X-ray scattering Volume fraction of (Pr,La,Ce) 2 To quantitatively determine the volume fraction of the impurity phase, we carried out the Rietveld analysis of the X-ray powder patterns using the GSAS software as summarized in Table 2 . The volume fraction of the impurity phase in the SC samples is about 1.6%. The composition of PLCCO was also refined, yielding average Cu deficiencies of 3.5% in the NSC samples and 1.4% in the SC samples. The difference in Cu deficiency between the NSC and SC samples is then quite close to the refined volume fraction of the impurity phase (∼1.6%), further confirming the relationship between Cu vacancies and impurity phase formation.
The use of an X-ray refinement to determine the absolute occupancy of each unique atom in PLCCO is difficult because of its coupling to the atomic displacement parameters (that is, thermal factors). To obtain better occupancies, neutron powder-diffraction data were collected using two different wavelengths, after which combined double-wavelength Rietveld refinements were carried out. The key results are summarized in Table 3 ; the most interesting of these are the differences in Cu and oxygen occupancies between the SC and the NSC samples. The occupancy of in-plane oxygen O(1) (Fig. 3 inset) is also significantly more deficient in the SC samples (∼1%). The Cu occupancy is 1.2-2.3% deficient in the NSC samples, but recovers full occupancy in the SC samples. Once again, the difference in Cu-deficiency levels between SC and NSC samples is comparable to the volume fraction of the impurity phase obtained from X-ray scattering. Because the impurity phase does not contain Cu, the missing Cu in an NSC sample should be consistent with the volume fraction of the impurity phase in an SC sample. Furthermore, because the impurity phase forms via oxygen reduction as illustrated in Fig. 1 , one should be able to predict the amounts of the oxygen loss using the results of Table 3 and compare them with actual TGA oxygen-loss measurements for each sample. This is indeed the case as shown in the Methods section.
Using the refinement results in Table 3 , one can also normalize the Cu occupancies to one to obtain Cu:O ratios. The SC samples have normalized oxygen occupancies less than 4 in the chemical formula unit (for example CuO 4−β with β ≈ 0.06), whereas the NSC samples have normalized oxygen occupancies greater than 4 (for example CuO 4−α with −α ≈ 0.02-0.07). Based on these oxygen occupancies and bond lengths 26 , we estimate the valence of Cu to be 1.66 for the SC samples and 1.72 in the NSC samples. The decrease of Cu valence in the SC samples indicates that the SC samples have slightly more doped electrons than the NSC samples. This is mainly due to a smaller number of oxygen atoms per Cu atom, because there is little difference in the bond lengths between the SC and the NSC samples. Although the annealing process only marginally affects the effective electron-doping level, it is large enough to increase electron mobility and decrease the resistivity in the annealed undoped samples 2 . The Cu deficiency in as-grown electron-doped materials provides a natural explanation of its electronic properties, effectively weakening the electron-doping effect of Ce by increasing numbers of oxygens and therefore adding holes per Cu atom. In the present model, the annealing process diminishes any Cu deficiency and therefore promotes the electron-doping effect of Ce, which also suppresses the AF Néel temperature (T N ). Our recent systematic neutron diffraction measurements on PLCCO as a function of annealing process showed that the T N of PLCCO drops from 186 K in an ag-NSC sample to <600 mK in an r-SC sample (T c = 24 K); refs 27,28.
From recent Hall-coefficient measurements, it has been argued 29 that the annealing process does not affect the carrier concentration but rather affects the mobility of the carriers. Because random Cu and oxygen vacancies in the CuO 2 plane break the translational symmetry of the CuO 2 plane, they can act as impurity centres to localize the doped electrons. The observed increase in charge carrier mobility would then seem to be the result of eliminating the Cu vacancies and repairing the CuO 2 planes of the T structure. Of course, the creation of oxygen defects in the CuO 2 plane as a by-product of the oxygen-reduction process (Table 3 ) may also be necessary to suppress the AF order and increase the electron mobility 16, 17, 22 , thereby facilitating superconductivity in the electron-doped cuprates.
Differences in the phase diagrams 2,3 and the electronic properties 24, 25 of the electron-and hole-doped cuprate superconductors have been obscured by the 'materials issue' surrounding the annealing process in the electron-doped samples. The microscopic oxygen-reduction process presented here removes much of the mystery and will need to be taken into account to resolve any intrinsic differences between electron-and hole-doped superconductivity. Angle-resolved photoemission measurements on NCCO (ref. 30 ) and PLCCO (ref. 31) have recently determined the Fermi surface topology and the superconducting gap function in electron-doped materials. However, the quality of the sample surfaces studied has not been conclusively established, and the possible effect of an exposed NSC R 2 O 3 surface must now be considered in future angle-resolved photoemission and scanning tunnelling microscopy experiments. Furthermore, it should also be possible to grow higher-quality single-crystal T -structured copper oxides by adding excess Cu in the starting materials to eliminate Cu deficiencies and subsequent R 2 O 3 contamination.
Because of the availability of single crystals of the T -structured copper oxides, the vast majority of transport, structural, magnetic and electronic-property measurements of electron-doped superconductors have been obtained from these materials 9-22,25,27-31 . For other electron-doped high-T c superconductors with different crystal structure types, such as the infinite-layer Sr 1−x La x CuO 2 family 32-34 , the microscopic process of inducing superconductivity is still unclear 33, 34 . There, the large single crystals that have made numerous single-crystal X-ray and neutron-scattering experiments possible in the T materials [18] [19] [20] [21] are not currently available. In the case of the T -structured materials, however, we can return our focus to the electronic properties of the CuO 2 planes themselves in the search for a mechanism of superconductivity.
METHODS
Single crystals of PLCCO were grown using the travelling-solvent floating-zone technique. Four samples (ag-NSC, r-SC, o-NSC, and r2-SC) were then prepared from the same as-grown batch of crystals 27 . Single-crystal X-ray diffraction experiments were carried out at room temperature with 30 keV X-rays at the BESSRC 11-ID beamline of the Advanced Photon Source (APS) at Argonne National Laboratory. Synchrotron X-ray powder-diffraction measurements were made at a wavelength of 0.49582Å on the 32-ID beamline at APS. Reciprocal lattice vectors have been defined relative to the T cuprate lattice of PLCCO and are labelled as (H , K , L) = (Q x a, Q y a, Q z c)/2π reciprocal lattice units (r.l.u.), where Q = (Q x , Q y , Q z ) is the scattering wavevector in units ofÅ −1 . Rietveld refinements were carried out on powder-diffraction data to obtain site occupancies and phase fractions. Because the rare-earth atoms (Pr, La, Ce) share a single site and very similar X-ray scattering amplitudes, their relative ratios were fixed according to the nominal synthetic composition, and the total rare-earth occupancy was normalized to 2. Because of the weak relative X-ray-scattering amplitude of oxygen, the oxygen occupancies were also fixed at 100%. Thus, only the Cu occupancy and the impurity phase fraction were refined (Table 2) .
Neutron-diffraction measurements at 10 K were made at the BT-1 beamline of the NIST Center for Neutron Research, using two different monochromators: Cu(311) with l = 1.5403Å and Ge(733) with l = 1.1968Å. The use of two wavelengths helped to decouple site occupancies from thermal factors. The Cu(311) monochromator has higher intensity and achieves good resolution at mid-range scattering angles, whereas the Ge(733) has less than one-third of the intensity of Cu(311), but achieves better resolution at high scattering angles. Combined double-wavelength Rietveld refinements took full advantage of these data (Table 3 . The occupancies were normalized to yield a Pr + Ce occupancy of one. On the rare-earth site, only the occupancy of La was refined, because Pr and Ce have very similar neutron scattering lengths. The occupancy of O(2) was also fixed to its ideal value. The Cu bond valences were calculated 26 using the site occupancies and bond-lengths of each refined structure. The impurity peaks are too weak to observe in neutron powder-diffraction patterns because the rare-earth elements have much smaller neutron-scattering amplitudes relative to Cu and O than was the case for X-rays.
TGA oxygen-loss measurements of an ag-NSC crystal were made while annealing the samples between 24
• C and 830
• C at a vacuum pressure of 5 × 10 −5 mbar. Assuming R 2 Cu 1−f O 4−α and R 2 CuO 4−β (R = Pr, La, and Ce) before and after the reduction step respectively, we find −α + β + f (1 − β) = 0.041 using Table 3 , consistent with TGA measurement of the oxygen loss of 0.04. The consideration of small rare-earth deficiencies does not influence the conclusions. 
